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Abstract 


The  modification  of  the  photochemical  dissociation  rate  of  molecules 
in  the  presence  of  a  rough  metal  surface  is  explored.  Classical 
electromagnetic  calculations  are  presented  for  the  photodissociation  rate  of 
a  point  dipole  near  a  rough  surface  modeled  as  a  hemispheroidal  bump  on  a 
semi -infinite  flat  plane.  A  correction  is  introduced  by  accounting  for  the 
reaction  fields  due  to  the  dipole -substrate  system  radiating  photons  and 
coupling  to  delocalized  surface  plasmons.  The  effects  of  the  shape  and  size 
of  the  bump  and  the  separation  of  the  molecule  from  the  bump  on  the  rate  of 
photodissociation  of  the  molecule  are  studied  numerically. 


1988  PACS  Numbers:  82. 65. Pa,  42. 50. Kb,  68.35.Bs 


I .  Introduction 

Ever  since  the  discovery  of  surface -enhanced  Raman  scattering  (SERS) , 
theoretical  and  experimental  studies  have  been  geared  toward  understanding 
the  mechanism  and  possible  applications  of  the  interaction  of  laser 

2 

radiation  with  atoms  and  molecules  adsorbed  on  or  near  solid  surfaces. 

Gaining  insight  into  the  perturbations  induced  by  the  surface  is  the  first 

step  toward  spectroscopic  applications  of  a  variety  of  surface  optical 

phenomena  which  include  vibrational  spectroscopy  of  adsorbed  molecules  by 
3 

SERS,  monitoring  of  surface  processes  by  surface -enhanced  nonlinear 

4  -  6  .  7 

optics,  possible  cooperative  phenomena  for  an  ensemble  of  admolecules , ' 

8-10 

surface -enhanced  fluorescence  for  fabrication  of  sensor  materials,  and 

11-18 

possible  enhanced  photodissociation  of  adsorbates  with  applications  in 

19  20  -  2  5 

chemical  vapor  deposition,  semiconductor  fabrication,  4  and 

23  26 

heterogeneous  catalysis. 

Our  interest  in  this  paper  lies  in  the  possible  enhanced 

photochemistry  of  adsorbates.  Its  potential  technological  applications  to 

the  fabrication  and  processing  of  materials  depends  not  only  on  the  cross 

section  for  a  photodissociation  process,  but  also  on  the  subsequent 
27 

photodynamics.  While  the  photochemistry  of  gas-phase  molecules  is 

relatively  well  understood,  the  role  of  the  substrate  and  the  degree  of 

surface  roughness  in  adsorbate  photochemistry  is  a  more  recent  topic  of 

research.  The  presence  of  the  surface  allows  energy  and  electron  transfer 

mechanisms  which  may  inhibit  or  enhance  photofragmentation.  ’  The  type 

of  substrate,  whether  metallic,  insulator  or  semiconductor,  also  plays  an 

important  role  in  adsorbate  photodissociation.  Several  groups  have  used 

1  ^  1 8 

insulator  and  semiconductor  substrates,  such  as  LiF(OOl),  Al^O^,  and 
25 

Si(lll)  7x7,  to  study  photochemistry.  These  substrates  are  good  for 


detecting  and  measuring  photodissociation  and  the  associated  dynamics  of 

fragments,  because  the  nonradiative  relaxation  rate  of  molecules  on 

insulator  and  semiconductor  surfaces  is  much  less  than  that  for  metals,  as 

28,2,29 

predicted  by  the  classical  electromagnetic  theory.  ’  ’  Rapid 

deexcitation  of  an  adsorbate  via  nonradiative  energy  transfer  to  the 

metallic  substrate  has  been  attributed  to  the  absence  of  photofragmentation 

18 

of  CH2I2  on  Al  or  Ag,  and  phenyloctatrene  on  Ag.  More  recently,  for  the 
adsorbate-metal  systems  CH2CO/Pt(lll)  and  CH^Br/PtC 111)  ,  ^  and 
CH^Br/Nidll) , ^  there  is  conclusive  evidence  that  photofragmentation  does 

take  place  without  significant  surface  damping,  but  the  photodynamics  is 

17  27 

perturbed  due  to  charge  transfer  and  collisional  processes.  ’  There  is 


also  evidence  that  much  of  UV  surface  photochemistry  may  be  charge- transfer 


mediated  at  low  coverages 


16,30 


The  fragmentation  yield  is  therefore  determined  by  the  relative  rates 

of  dissociation  (direct  as  well  as  charge- transfer  mediated)  and 

nonradiative  energy  deposition  into  the  substrate.  Since  nonradiative 

28  29  31 

energy  transfer  to,  ’  and  photoemissi on  from,  a  rough  surface  are 

radically  altered,  one  expects  additional  quenching  of  the  photodissociation 

rate  near  a  rough -sur face .  Furthermore,  a  model  rough  surface  mav  consist 

of  a  small  particle  above  a  flat  surface.  Therefore,  one  may  expect  rough 

surface  effects  to  be  a  combination  of  the  effects  of  a  smr.il  particle  and 
32 

the  flat  plane. 

While  model  calculations  of  a  dipole  adsorbed  on  a  silver  sphere 
predicts  some  enhancement  effects,^  experimental  results  are  mixed  as  far 
as  enhancement  of  photodecomposition  rate  is  concerned.  For  instance, 

12 

photodegradation  of  rhodamine  6G  shows  no  enhancement  effects  whatsoever. 


On  the  other  hand,  enhanced  photodissociation  of  surface -supported  organic 


molecules  has  been  reported. 


The  decomposition  rate  for  about  four 


13 

monolayers  of  pyridine  on  a  roughened  silver  surface  has  been  found  to  have 

a  peak  for  a  spacer  thickness  of  -  15  to  20  A.  It  is  believed  that  the 

discrepancies  between  the  ixperiments  are  a  result  of  the  sensitive 

dependence  of  the  effect  on  the  nature  of  the  surface  and  on  the  distance 

between  the  molecule  and  the  surface.  When  chemical  decomposition,  which 

follows  molecular  excitation,  is  not  fast  relative  to  the  surface  -  induced 

damping  processes,  which  are  dominant  close  to  the  surface,  enhanced 

molecular  absorption  does  not  necessarily  imply  enhanced  photochemical 

yield.  The  molecular  energy  transferred  to  the  substrate,  in  turn  causes 

excitation  of  electronic  (surface  plasmons)  or  ionic  modes  of  the  surface, 

27  33 

or  electron-hole  pairs  in  the  substrate.  ’  If  the  surface  modes  are 
34 

radiative,  part  of  the  energy  is  recovered,  while  nonradiative  surface 
modes  act  as  a  sink  for  the  energy. 

Typically,  the  electric  field  in  the  vicinity  of  a  rough  surface  or  a 

small  particle,  irradiated  with  an  external  source  of  light,  is  increased  by 

two  or  three  orders  of  magnitude  over  that  in  the  absence  of  the  surface. 

Therefore,  under  steady- state  conditions,  the  power  entering  or  leaving  the 

molecule  is  increased  by  four  to  six  orders  of  magnitude,  although  the  power 

dissipated  into  any  particular  channel  of  decay  is  affected  by  the  nature 

and  characteristics  of  other  channels  of  power  flow.  Representing  the 

adsorbate -substrate  system  by  a  single  "system  dipole"  above  a  flat  surface 

and  allowing  this  excited  dipole  to  couple  to  surface  plasmons  of  the 

underlying  flat  surface  using  the  energy- transfer  theory  of  Chance,  Prock 
28 

and  Silbey,  and  accounting  for  the  loss  of  power  to  photon  emission  and 
resistive  losses  in  the  substrate  medium  electromagnetically ,  it  has  been 
shown  that  the  rates  of  decay  of  the  dipole  to  both  photons  and  surface 


plasmons  are  increased  substantially,  with  increasing  size  of  the  bump, 

while  the  resistive  loss  rate  remained  unchanged.  Under  such  enhanced 

power  flow  within  the  molecule -bump  system,  one  is  tempted  to  account  for 

the  electromagnetic  reactions  associated  with  the  various  modes  of  decay  of 

36 

the  excited  dipole.  In  fact,  radiation  damping  alone  has  been  shown,  in 
the  context  of  SEES  from  a  molecule  near  a  spheroidal  particle,  to  limit 
enhancement,  particularly  in  the  case  of  large-sized  particles.  Our  goal  in 
this  paper,  therefore,  is  to  study  the  effect  of  correcting  the  local 
electromagnetic  field,  for  reactive  effects  associated  with  photon  radiation 
as  well  as  coupling  to  a  delocalized  surface  plasmon  by  the  "system  dipole". 
Within  the  domain  of  classical  electromagnetism,  the  corrected  local  field 
is  seen  to  better  and  more  accurately  predict  the  sensitive  dependence  of 
the  photodissociation  rate  on  molecule -surface  separation. 

The  paper  is  organized  in  the  following  manner.  In  Sec.  II, 
theoretical  calculations  of  the  cross  section  for  photodissociation,  the 
enhanced  local  field  and  the  relative  enhancement  of  molecular 
photochemistry  near  a  surface  are  presented.  In  Sec.  Ill,  we  present 
numerical  results  for  the  rate  of  photodissociation  and  its  dependence  on 
the  shape  and  size  of  the  bump,  as  well  as  on  the  separation  between  the 
molecule  and  the  bump  for  a  silver  substrate,  followed  by  a  discussion. 

II .  Theory 

Consider  a  molecule  adsorbed  on  a  rough  surface  and  irradiated  by  an 
incident  laser,  whose  electric  field  vector  is  denoted  by  Eq.  Let  P  be  the 
total  power  transferred  to  the  system  while  the  molecule  undergoes 
photochemical  decomposition.  The  cross  section  a  for  energy  transfer  to  the 


molecule  is  defined  as 


6 


_+  2 

where  A  *  P/|E^|  and  c  is  the  speed  of  light  in  vacuum.  If  we  denote  the 
quantum  efficiency  of  the  molecule  for  photochemistry  by  tj  ,  then  the  cross 
section  for  photodissociation  of  the  adsorbate  is 


Defining  <7  »  rj 


A  as  the  surface- free  cross  section  of  an  isolated 


molecule,  we  can  obtain  the  surface  enhancement  ratio  for  photochemistry: 


R  -  A/A°  .  (3) 

pc 

In  the  above  formalism,  we  have  assumed  that  the  quantum  efficiency  rj  is 
unaffected  by  the  presence  of  the  surface. 

37  35 

A  familiar  model  for  a  rough  surface  ’  is  shown  in  Fig.  1.  In 

terms  of  the  spheroidal  coordinates  (£,r?,<A).  the  hemispheroid  surface  is 

characterized  by  -  a/f;  the  surface  through  the  position  of  the  molecule, 

considered  as  a  polarizable  point  dipole,  is  given  by  -  (a  +  H)/f,  with 

2  2  h 

the  size  parameter  f  ■  (a  -  b  )  ;  a  and  b  are  the  semi-major  and  semi-minor 
axes  of  the  hemispheroidal  protrusion,  respectively.  The  hemispheroid  and 
the  flat  plane  are  considered  as  one  piece  with  a  complex  dielectric 
constant  f(w).  The  incident  laser  field  is  taken  to  be  propagating  along 
the  interface  so  that  its  electric  field  vector  Eq  is  along  the  normal  to 
the  interface.  The  molecular  dipole  /i  is  oriented  along  the  z-direction. 

The  local  electric  field  at  the  location  of  the  molecular  dipole  is  obtained 

37 

from  the  electric  potential  in  region  II, 


*11  -  )  Bn  V«>  Pn"')  ‘  E0  f  «  ” 


*  *  P  (f  )  q  (t)  P  <,> 

t  [_  t  n  <  n  >  n 


where  and  are  the  Legendre  polynomials  of  the  first  and  second  kind, 
respectively,  and  -  min(£,£^)  and  -  max(£,£^).  Thus  the  local 
electric  field  at  the  location  of  the  dipole  is  given  by 


'loc  0 


En  '  S  •  ^ 


where  -  Qn^l^f' 


A  formal  solution  for  the  coefficients  is  obtained  in  the  following 

form  (quantities  with  single  and  double  bars  are  vectors  and  matrices, 

.  ,  x  35,37 

respectively) : 


B  -  (T'1  •  S  •  b)  p  -  (T'1  •  R)  Er 


where 


Tjn-X]n  "W  Pj «0>  '  e‘l  W  Pj«0>l 


+  (-DJ+nin  [Qn({0)  Pj(f0)  •  q;(f0)  Pj ({„)])  • 


f  dn  P.(n)  p_,(r?) 

J0  J  n 


(8) 


(V  •  E-j  is  the  field  produced  by  the  polarization  of  the  surface  by  the 

incident  field  in  the  absence  of  the  molecule,  and  -(W  •  £)  /i  is  the 

electric  field  at  the  location  of  the  molecule  produced  by  the  polarization 

of  the  surface  by  the  near  field  of  the  molecular  dipole.  By  substituting 

for  we  see  that  the  system  dipole  consists  of  the  molecular  dipole  n,  a 

2 

dipole  moment  -  V^Egf  /3  induced  in  the  bump  by  the  incident  field,  and  a 
2 

moment  W^f  /i/3  induced  in  the  bump  by  the  molecule. 

We  are  interested  in  the  sum  of  all  the  contributions  to  the  local 
field  including  the  reaction  fields,  associated  with  the  coupling  of  the 


9 


system  dipole  to  photons  and  delocalized  surface  plasmon.  Let  us  write  E  - 

K 

REq  and  E  =■  G^,  where  R(w)  =  and  G(w)  -  -W»q.  To  lowest  order,  the 

local  field  at  any  point  above  the  surface  consists  of  the  incident  field, 

the  fields  of  photons  radiated  by  both  the  molecular  dipole  and  the  dipole 

induced  in  the  surface  protrusion,  and  the  field  caused  by  the  excitation  of 

the  surface  plasmon  by  both  the  molecular  dipole  and  the  dipole  induced  in 

the  bump.  Therefore,  we  can  imagine  the  system  to  consist  of  a  single 

dipole  of  moment  D,  positioned  very  close  to  a  flat  surface. 

If  we  denote  the  radiation  reaction  field  bv  E  ,  and  the  reaction 

J  rad 

field  associated  with  the  coupling  to  the  surface  plasmon  by  E  ,  then 


E 


loc 


B  •  £  , 


(14) 


where  Eg  -  E^  +  E^^  +  E ,  and  to  maintain  self  consistency,  we  use  B  - 
B(/x ,  Eq)  by  replacing  Eg  by  Eg  in  Eq.  (6),  and  write  the  system  dipole  D  - 
D(/i , Eq)  .  The  fields,  E^^  and  E  ,  are  determined  by  using  the  results  of 
Ref.  31  for  the  power  radiated  to  photons, 


1 

IdI2 

r,  ,  3 

rlt/2  .  3 .  ,,  2 

f  s  m  9  ( ( e 

+  1)  COS2#  +  ( f  -  1)1 

3 

l°!  3 

c 

L  2 

j  a6 

J0  (e  -  1)  1 

[  ( £  +  1)  COS2#  -  1 } 

,(15) 


and  the  power  lost  to  the  excitation  of  surface  plasmon, 


P  -  | D | 2  (“)3 

sp  1  1  c 


(-«)• 


(-£  -  1)V2  (1  -  O 


(16) 


by  the  system  dipole  D,  and  demanding  that  the  work  done  by  the  reaction 
force  on  the  system  dipole  be  equal  to  the  negative  of  the  corresponding 
energy  lost  during  a  given  time.  This  calculation  yields 


"rad 


iD  cj.  3  f.  3  f 

r  <?  t1  +  i  j 


ir/2 


dd 


sin3#  f ( 6^  +  1 )  cos ^  t 


+  ( e 


11' 


(e  -  1 ) [ ( £  +  l)cos  8 


(17) 


and 


E 

sp 


4?riD  (~)3 
c 


(-O' 


(-£  -  1)V2  (1-6) 


(18) 


Near  the  surface,  the  equation  of  motion  of  the  molecular  dipole,  n, 
may  be  taken  to  be  of  the  Drude  form. 


^  +  V4  +  V  -  a0W0  Eloc(t) 


(19) 


where  Wq  and  7q  are  the  molecular  frequency  and  decay  rate  in  the  bulk, 
respectively.  Considering  a  steady  state  solution  of  Eq.  (19)  in  the 
form  ^(t)  -  /i(w)e  lwti  the  self-consistent  dipole  moment  n  of  the  molecule 
and  the  power  P  absorbed  by  it  in  the  presence  of  the  corrected  local  field 
,  are  straightforwardly  obtained: 


2 

u>oao 


K1E0 


/  O  A  \ 


u 


u  ,  +  u 

rad  sp 


(24) 


is  the  factor  resulting  from  the  inclusion  of  reaction  fields,  E  ^  a  ^ra(}D 

and  E  a  U  D,  in  the  local  electric  field.  V  and  W  are  the  n-th 
sp  sp  n  n 

elements  of  vectors  V  and  W,  respectively. 

Inspection  of  Eqs.  (20)  and  (22)  shows  that  when  reaction  fields  are 

included,  the  effect  of  the  driving  field  is  cut  down  by  a  factor  of  (1  + 

2  -1 

UV^f  /3)  Thus  the  absorbed  power  is  reduced  by  the  absolute  square  of 

the  above  factor  from  its  value  in  the  absence  of  reaction  fields.  Also,  we 

find  from  Eq .  (23)  that  surface- induced  width  and  level  shift  have  terms 

proportional  to  UK^  and  are  thus  dependent  on  [ 1  +  R(w)]  when  the  reaction 

fields  are  accounted  for.  This  is  typical  of  situations  where  effects  of 

36 

the  reaction  fields  are  included. 


12 


The  ratio  of  P  to  P  the  power  absorbed  by  the  molecule  in  the 

absence  of  any  surface  gives  a  measure  of  the  photochemistry  enhancement 

factor  R  This  ratio  can  be  expressed  as 
pc 


R 

pc 


(25) 


or 


R 

pc 


(*-> 


„  1 2,  ,  2  2  2  2  2 . 
K|  |  !  (wQ-<a  )  +  w  7q) 

2~2  2~2~ 

( )  +  w  7  ) 
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If  we  neglect  the  small  level  shift  (i.e.,  Wg  =  Uq)  and  assume  a  near 
resonance  condition  (w  ~  Wg) ,  then 


R 

pc 


(27) 


This  is  a  familiar  expression  for  R  ,  which  contains  two  competing  factors. 

2 

The  magnitude  of  R^c  is  determined  by  the  field  enhancement  factor  |K^|  and 

—  2 

by  the  relative  magnitudes  of  7g  and  7.  |K^|  contains  the  normal  Raman 

2  2  -2 

enhancement  factor  |l+Rj  and  an  add-on  factor,  | 1+UV^f  /3 |  ,  due  to  the 

inclusion  of  reactive  effects. 


Ill .  Results  and  Discussion 

Here,  we  consider  the  photodissociation  rate  of  a  molecule  held  at  a 
distance  H  from  a  silver  surface.  The  molecule  is  characterized  by  the 


parameters  ,  7 ^  and  .  The  rough  surface  consisting  of  the  semi¬ 
infinite  flat  plane  and  the  hemispheroidal  protrusion  is  made  up  of  silver, 
whose  complex  dielectric  function  «(w)  is  taken  from  Ref.  38.  To  obtain 
finer  adjustments  in  the  neighborhood  of  resonance  frequencies  (for  both 
molecular  and  plasmon  resonances) ,  we  have  numerically  fitted  the  data  to 
obtain  the  following  empirical  relation  for  e  (u>)  in  the  Drude  form. 


« (w) 


4.74 


0.12 

2 

to 


+  0 . 24i 


(28) 


where  to  is  the  frequency  of  the  incident  light.  In  what  follows,  all 

quantities  are  expressed  in  atomic  units  (a.u.). 

Numerical  calculations  are  done  for  the  molecule  resonating  with  both 

the  incident  laser  frequency  w  as  well  as  with  the  ground- state  resonance 

frequency  of  the  bump-plane  system,  whose  surface  geometry  gives  rise  to 
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electromagnetic  resonances  called  "shape  resonances"  One  way  of 
characterizing  the  shape  resonance  is  through  the  value  of  the  real  part  of 
the  dielectric  constant  at  the  resonance  frequency.  For  a/b  -  2,  3  and  4, 
the  ground  states  correspond  to  Ree(w)  -  -7.34,  -11.3  and  -15.9, 
respectively.  These  data,  along  with  Eq .  (28),  give  the  ground-state 
resonance  frequency  of  the  bump,  which  is  0.1,  0.086  and  0.076  a.u.,  for 
aspect  ratios  of  2,  3  and  4,  respectively.  A  ten- dimensional  B- vector  was 
chosen  for  numerical  computation.  For  fixed  a/b,  a  and  H,  reasonable 
convergence  in  R^c  was  obtained  using  this  B  vector,  with  a  <  1000  a.u.  and 
H  <  140  a.u. 

2  2 

Figure  2  shows  |K^|  ( - )  and  |l  +  R(w)  |  ( - )  as  a  function  of 

2 

the  distance  H  for  various  aspect  ratios  of  the  bump.  |l  +  R(u>)  |  is 


14 


2 

regarded  as  the  field  enhancement  factor  when  U  »  0  and  j |  is  the 
corresponding  factor  when  U  n  0.  For  a  given  H,  there  is  a  significant 


reduction  in  the  magnitude  of  the  field  enhancement  factor  when  reaction 
field  contributions  are  included.  For  example,  for  a/b  -  2,  there  is  at 

least  two  orders  of  magnitude  reduction.  As  the  bump  becomes  more  needle- 

2  2 

shaped,  the  value  of  |K^|  / | 1  +  R(w) |  becomes  larger,  because  of  the 

2 

lightening- rod  effect.  The  relative  magnitude  of  |K^|  with  respect  to  the 

2 

normal  Raman  enhancement  factor  | 1  +  R(<j) |  for  various  aspect  ratios  and 
semi-major  axes  of  the  bump  are  given  in  Table  1. 

i  1 2 

The  enhancement  factor  for  photochemistry,  R  ^ ,  depends  on  | |  and 
7,  besides  other  molecular  parameters.  Since  is  the  surface-modified 
field-enhancement  factor  (when  U  *  0)  and  since  it  also  occurs  in  7 ,  it  is 
easy  to  see  how  the  molecular  width  7  changes  as  a  function  of  H  when 


reaction  fields  are  included.  It  turns  out  that  the  numerical  value  of 

2  - 
Im[U(l  +  W  f  /3)K^]  is  small  compared  to  Im(G) ,  and  consequently  7  changes 

slightly  with  respect  to  7  unless  we  consider  extremely  large-sized  (a  > 

2 

1000  A)  bumps.  IkJ  in  the  numerator  of  Eq .  (26)  is  thus  the  dominant 

factor  in  deciding  the  effects  of  including  reaction  fields  on 

photochemistry.  On  the  same  ground,  since  the  polarizabilty  a^  enters  the 

expression  for  R  through  7,  the  effect  on  R^c  of  going  from  weak  (a^  - 

0.1)  to  strong  (a^  -  10.0)  polarizabilities  is  expected  to  be  minimal. 

Figure  3  shows  R  as  a  function  of  H  for  three  different  aspect 
pc 

ratios  for  a  fixed  size  of  the  bump  (fixed  a).  The  solid  curves  are 
obtained  when  U  -  0,  and  the  dashed  curves  are  for  U  ^  0.  The  molecular 


frequency  is  chosen  to  coincide  with  the  ground  state  of  the  bump  for 

2 

each  value  of  a/b.  Since  R^c  is  directly  proportional  to  |  |  ,  these 

curves  mimic  those  of  Fig.  2.  The  reactive  effects  are  evidenced  by  the 


decrease  in  R  by  several  orders  of  magnitude  when  U  *  0  from  that  when 
U  -  0.  As  one  goes  away  from  the  surface,  the  enhancement  factor  declines 
for  a  given  eccentricity  of  the  hemispheroid,  and  appreciable  enhancement 
persists  out  to  large  distances. 

Figure  4  gives  the  enhancement  ratio  R  for  a  molecule  located  at  40 

pc 

a.u.  from  the  surface  as  a  function  of  the  semi-major  axis  a  of  the 
hemispheroid  for  various  aspect  ratios.  A  complete  resonance  condition 

(Wq  ~  u  ~  where  is  the  ground- state  resonance  frequency  of  the  bump- 

.  3 

plane  system)  is  assumed.  Other  molecular  parameters  used  are  7^  -  10 

a.u.  and  -  10  a.u.  These  graphs  show  the  effects  of  both  including 

( - ;  U  *  0)  and  excluding  ( - ;  U  -  0)  the  reaction  fields  in  the 

calculation.  For  extremely  small  values  of  a  (<  200  a.u.),  the  effect  of 

including  the  reaction  fields  is  negligible.  On  the  other  hand,  for  a  given 

shape  of  the  bump  (a/b  fixed)  ,  the  enhancement  with  U  r*  0  decreases  to 

signficantly  lower  values  than  those  for  U  -  0  with  increasing  a.  This  is 

understandable  since  the  effects  of  including  the  reaction  fields  are 
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expected  to  be  substantial  for  large-sized  roughness  features.  For  a  - 
300  A,  it  is  seen  that  the  reduction  in  enhancement  can  be  nearly  two  orders 
of  magnitude  when  U  0  for  a  hemispheroid  with  a/b  -  2.  The  magnitude  of 
the  attenuation  in  enhancement  decreases  with  increasing  eccentricity  of  the 
bump,  because  one  would  expect  the  strongest  intrinsic  electric  fields  near 
the  sharpest  protrusions.  The  value  of  a  where  R^c  peaks  may  be  taken  as 
the  size  of  the  bump  at  which  reaction  field  contributions  start  to  bear 
significant  effect.  For  an  eccentricity  of  3,  for  example,  the  semi-major 
axis  of  the  bump  has  to  be  roughly  -  300  a.u.  before  reactive  effects  are 
significantly  noticeable. 


As  mentioned  earlier,  U  consists  of  two  parts:  U  -  U  +  U  U 

r  rad  sp  rad 

corresponds  to  the  inclusion  of  photon  radiation  damping,  and  a  nonzero  U 

‘  '  sp 

represents  the  inclusion  of  reaction  in  the  decay  of  the  system  dipole  to 

delocalized  surface  plasmons,  which  is  the  primary  relaxation  mechanism  verv 

2  28  29 

close  to  the  surface.  ’  ’  The  effect  of  only  U  ,  *  0  was  disucssed  in 

J  rad 

Ref.  36  in  the  context  of  SERS.  To  see  how  a  nonzero  U  additionally 

sp 

modifies  the  enhancement  of  photochemistry  near  a  rough  surface,  we  show  R 

as  a  function  of  the  semi-major  axis  a  in  Fig.  5  for  three  different 

situations:  U  *  0  (curve  a),  U  -  0  (curve  b)  and  U  **  0  but  U  -  0 

rad  sp 

3  6 

(curve  c).  Curve  c  is  in  qualitative  agreement  with  previous  results^  as 
evidenced  by  the  attenuation  of  enhancement  for  larger -sized  bumps. 
Comparative  inspection  of  the  curves  in  Fig.  5  shows  that  for 
photodissociation  of  a  molecule  near  a  rough  silver  surface,  the  effect  of 
including  the  surface  plasmon  reaction  field  in  the  calculation  is 
substantial  for  both  intermediate  and  larger-sized  bumps.  It  clearly 
illustrates  the  importance  of  taking  into  account  the  reaction  field 
corresponding  to  the  excitation  of  surface  plasmons  by  the  system  dipole. 

The  peak  positions  of  curves  a  and  c  set  a  lower  bound  for  values  of  the 
semi-major  axis  a  at  which  radiation  and  surface  plasmon  dampings, 
respectively,  become  important. 

The  above  results  lead  us  to  a  simple  conclusion  that  enhancement  in 
photochemistry  near  a  rough  surface  is  not  only  dependent,  very  sensitively, 
on  the  shape  and  size  of  the  roughness  feature,  but  also  the  theory  should 
take  the  radiation  as  well  as  the  surface  plasmon  damping  into 
consideration,  particularly  for  large-sized  features,  for  a  correct 
prediction  of  experimental  results.  If  one  wants  to  produce  a  predetermined 


enhancement  in  photochemistry  for  a  molecule  held  at  a  fixed  distance  from 


the  surface,  the  surface  morphology  has  to  be  designed  accordingly.  On  the 
other  hand,  if  the  surface  roughness  is  specified,  one  needs  to  put  the 
molecule  at  a  certain,  predetermined,  distance  away  from  the  surface  to  get 
maxmimum  enhancement . 

The  "system  dipole"  referred  to  in  this  article  has  a  moment  which  is 
the  sum  of  the  molecular  dipole  moment  and  the  dipole  moment  associated  with 
the  "single"  roughness  feature.  For  the  near-resonance  condition,  where  the 
laser  frequency  coincides  with  a  resonance  of  the  molecule  and  the  bump, 
each  dipole  may  have  its  moment  increased  bv  a  factor  of  -50  to  100.  Thus 
the  system  dipole  in  this  model  calculation  is  much  stronger  than  gas -phase 
molecular  dipole.  Consequently,  the  coupling  of  an  adsorbed  molecule  to  the 
delocalized  surface  electronic  excitation  of  the  flat  substrate  in  the  case 
of  flat -surface  adsorbate  photochemistry  is  much  weaker  than  that  in  the 
case  of  a  rough  surface.  One  may  therefore  neglect  the  reactive  effects 
associated  with  radiation  and  surface  plasmon  dampings  in  flat  surface 
photochemistry . 
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Like  the  energy- transfer  mechanism,  charge  -  transfer  processes,  to 
and  from17,30  the  surface,  are  short-range  quenching  mechanisms.  The 
photochemical  process  involves  excitation  of  the  molecule  to  a  repulsive 
state  and  subsequent  fragmentation.  The  repulsive  state  is  attained  either 
by  electronic  excitation  or  by  dissociative  electron  attachment , 37 ' where 
the  surface  looses  an  electron  to  the  adsorbate.  In  either  case,  quenching 
of  photochemistry  occurs  very  close  to  the  surface  (i.e.,  at  very  low 
coverages  and/or  when  the  inert  spacer  layer  between  the  molecule  and 
surface  is  absent) ,  since  the  molecule  may  return  to  a  nonrepulsive  state 
before  fragmentation  occurs.  This  is  possible  because  of  the  strong  overlap 
between  the  molecule  and  the  surface  at  short  range,  so  that  the  attached 


18 


electron  as  well  as  the  excited  electron  can  tunnel  through  to  the  surface. 
On  the  other  hand,  very  far  from  the  surface,  the  excited  molecule  has 
sufficient  time  to  undergo  fragmentation  without  appreciable  quenching  by 
charge  transfer.  Because  of  the  very  weak  molecule  -  surface  overlap  and  the 
potential  barrier  that  the  surface  electron  has  to  overcome  (to  get  through 
the  first  few  layers  of  molecules  or  the  spacer  layer),  electron- transfer- 
mediated  photochemistry  is  practically  absent  at  large  distances.  There  is 
hence  an  optimum  distance  from  the  surface, ^  where  the  cross  section  for 
photodissociation  is  expected  to  peak. 

Although  from  the  above  discussion,  the  characteristics  of  both 
energy- transfer  and  charge- transfer  quenching  mechanisms  are  similar,  we 
have  made  no  attempt  to  include  the  latter  effect  here.  While  the  energy 

dissipation  to  a  rough  surface  can  be  easily  accounted  for  by  the  classical 
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electromagnetic  theory,  detiled  quantum  theoretical  insight  into  the 
charge -exchange  processes  in  the  presence  of  a  "rough"  surface  is  needed. 

In  summary,  we  have  considered  a  correction  to  the  electromagnetic 
theory  of  surface -enhanced  photochemistry  by  taking  into  account  the 
radiation  and  the  surface  plasmon  reaction  fields.  We  chose  a  model  where 
decay  to  delocalized  plasmons,  besides  photon  emission,  by  the  system  is 
possible.  It  is  found  that  while  surface  plasmon  damping  can  be  important 
for  both  small  as  well  as  large-sized  roughness  features,  the  radiation 
damping  has  an  effect  only  for  very  large-sized  roughness  features.  It 
should  be  pointed  out  that  the  rough  surface  chosen  is  only  a  model  surface. 
Realistic  rough  surfaces  are  quite  different  and  difficult  to  model. 
Nonetheless,  the  qualitative  conclusions  drawn  from  these  results  should 
help  guide  experimentalists  in  choosing  correct  parameters  to  maximize 
enhancement.  Given  the  surface  preparation  techniques  known  to  date,  it  is 


perhaps  possible  to  check  the  predictions  of  this  calculation  experimentally 

40 

on  microlithographicallv-prepared  surraces . 
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Table  1 .  The  ratio  of  the  field-enhancement  factor  | |  (when  U  *  0) 

i  1 2 

|1  +  R(oj)  |  (when  U  -  0)  as  a  function  of  the  semi-major  axis  a  of  the 
hemispheroid  for  different  a/b  values. 


to 


Figure  Captions 

1.  Geometry  of  the  surface  protrusion.  The  semi-major  axis  is  a,  and  the 

semi-minor  axis  is  b.  The  spheroid  surface  is  £  —  and  the  surface 

passing  through  the  molecule  is  £  =  £ 

2  2 

2.  |l  +  R(«) |  ( - )  and  |  |  ( - )  as  a  function  of  the  molecule- 

surface  distance  H  for  three  different  a/b  values:  (a)  a/b  =  2 ; 

(b)  a/b  -  3;  (c)  a/b  -  4.  For  each  case,  a  -  800  a.u.,  a -  10  a.u., 
and  Wq  is  equal  to  the  ground-state  resonance  frequency  of  the  bump- 
plane  system. 


3 .  Enhancement  factor  R  as  a  function  of  H  for  three  a/b  values : 

pc 

(a)  a/b  -  2 ,  Uq  -  0.1  a.u.;  (b)  a/b  -  3,  -  0.086  a.u.;  (c)  a/b  -  4, 

cJq  -  0.076  a.u.  The  solid  curves  are  for  U  -  0,  and  the  dashed  curves 

.  3 

are  for  U  *  0.  Here,  a  -  800  a.u.  ,  -  10  a.u.  and  y^  -  10  a.u. 

4.  Enhancement  factor  R  as  a  function  of  the  semi-maior  axis  a  of  the 

pc  J 

bump  for  three  different  aspect  ratios:  (a)  a/b  -  2,  -  0.1  a.u.; 

(b)  a/b  -  3 ,  o)q  -  0.086  a.u.;  (c)  a/b  -  4,  Wq  -  0.076  a.u.  The  solid 
cuves  are  for  U  -  0,  and  the  dashed  curves  are  for  U  +  0.  Here,  H  -  40 
a.u.,  atQ  -  10  a.u.  and  y^  -  10  ^  a.u. 

5.  Enhancement  factor  R  as  a  function  of  the  semi-maior  axis  a  for  a 

pc  J 

fixed  a/b  -  3.  Curves  (a)  and  (b)  correspond  to  U  r*  0  and  U  -  0, 

respectively.  Curve  (c)  is  obtained  when  only  the  photon  radiation 

damping  is  taken  into  account  (U  ,  *  0,  U  -0).  Here,  H  -  40  a.u., 

rad  sp 

.  3 

Wq  -  0.086  a.u.,  c*q  -  10  a.u.  and  y^  -  10  a.u. 
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